The stoichiometry of the first shell of lipids interacting with a transmembrane protein is defined operationally by the population of spin-labeled lipid chains whose motion is restricted directly by the protein. Interaction stoichiometries have been determined experimentally for a wide range of a-helical integral membrane proteins by using spin-label ESR spectroscopy. Here, we determine the spatially defined number of first-shell lipids at the hydrophobic perimeter of integral membrane proteins whose 3D structure has been determined by X-ray crystallography and lipid-protein interactions characterized by spin-labeling. Molecular modeling is used to build a single shell of lipids surrounding transmembrane structures derived from the PDB. Constrained energy optimization of the protein-lipid assemblies is performed by molecular mechanics. For relatively small proteins (up to 7-12 transmembrane helices), the geometrical first shell corresponds to that defined experimentally by perturbation of the lipid-chain dynamics. For larger, multi-subunit a-helical proteins, the lipids perturbed directly by the protein may either exceed or be less in number than those that can be accommodated at the intramembranous perimeter. In these latter cases, the motionally restricted spinlabeled lipids can be augmented by intercalation, or can correspond to a specific subpopulation at the protein interface, respectively. For monomeric b-barrel proteins, the geometrical lipid stoichiometry corresponds to that determined from lipid mobility for a 22-stranded barrel, but fewer lipids are motionally restricted than can be accommodated around an eight-stranded barrel. Deviations from the geometrical first shell, in the b-barrel case, are for the smaller protein with a highly curved barrel.
Extensive series of spin-label electron spin resonance (ESR) studies with reconstituted integral membrane proteins have revealed that a constant number of lipids are motionally restricted by direct interaction with each protein, irrespective of the total lipid content of the membrane (for review, see Marsh and Horváth 1998) .
For example, such lipid/protein titrations have been performed with cytochrome c oxidase (Knowles et al. 1979) , Na + ,K + -ATPase (Brotherus et al. 1981) , nicotinic acetylcholine receptor (Ellena et al. 1983) , Ca 2+ -ATPase (Silvius et al. 1984) , myelin proteolipid protein (Brophy et al. 1984) , rhodopsin (Ryba et al. 1987) , ADP/ATP carrier (Horváth et al. 1990 ), M13 phage coat protein (Peelen et al. 1992) , and phospholamban (Cornea et al. 1997; Arora et al. 2003) . In an operational sense, therefore, the fixed stoichiometry of lipids interacting directly with the protein may be defined as a first shell at the intramembranous perimeter of the protein. This first shell of motionally restricted lipids exchanges with the surrounding bilayer lipids at an off-rate in the range 1-10 MHz, depending on the protein and on the thermodynamic affinity of the lipid species (Marsh and Horváth 1998) . On the time scale of a typical 2 H-NMR experiment, lipids in the first shell are in rapid exchange with the fluid bilayer pool and therefore are not resolved in the NMR spectra from deuterated lipids (e.g., Oldfield 1982; Bloom and Smith 1985) . It is the faster characteristic time scale of nitroxide ESR, relative to NMR, that allows lipid stoichiometries (and specificities) to be determined by spin-label methods.
The stoichiometry of lipid-protein interaction is important not only for structural reasons, but also because the first shell of lipids is responsible for sealing the protein into the membrane and hence maintaining the permeability barriers in the cell. The first-shell lipids are also those that solvate the protein in the membrane and provide the interface with the fluid lipid environment that is essential to the function of many membrane enzymes (see, e.g., Hesketh et al. 1976; Fajer et al. 1989) . In several cases, the first shell or annulus of lipids also represents the minimum number of lipids required to support activity of the transmembrane protein (see, e.g., Hesketh et al. 1976 ; Knowles et al. 1979; Jones et al. 1988) .
If the operational definition of the first shell of lipids corresponds also to the spatial definition, it is expected that this fixed lipid stoichiometry will be related directly to the transmembrane structure, and degree of oligomerization, of the protein. From simple geometric considerations for helical sandwiches or regular polygons of a-helices, it is predicted that the number of perimeter lipids, N b (on both sides of the bilayer), increases linearly with the number, n a , of transmembrane helices per monomer (Marsh 1997) :
where D a and d ch are the diameters of an a-helix and a lipid chain, respectively, and n a > 1. For a single transmembrane helix:
predicts reasonably well the stoichiometry of lipid interaction with relatively small monomeric a-helical bundles, notably the archetypal seven-helix sandwich of rhodopsin (Marsh 1997) . To a lesser extent, an extended version of Equation 1 that preserves the helical packing motif for protein oligomers has proved useful for describing the lipid stoichiometry of oligomers composed of small monomers. The stoichiometry per monomer is then given from Equation 1 by:
where n agg is the number of monomers per oligomer. Reasonable performance by Equation 2 is achieved in the case of hexamers of four-helix proteolipids (Brophy et al. 1984; Páli et al. 1995) and the oligomers of phospholamban (Arora et al. 2003) . On the other hand, the simple helical packing described by Equations 1 and 2 is not appropriate in the case of large multi-subunit proteins, such as the nicotinic acetylcholine receptor and cytochrome c oxidase (Marsh 1997) .
In recent years, the structures of an increasing number of transmembrane proteins have been determined by X-ray diffraction methods. We are therefore now in a position to compare the number of first-shell lipids that are defined by their dynamic properties using ESR with predictions from the intramembranous geometry of the protein. The purpose of the present paper is to determine the number of lipids that can be accommodated around the transmembrane section of the protein by using molecular mechanics and model building. The modeling approach is necessary because, in general, only a few lipids (or more frequently no lipids) are resolved in the crystal structures.
Previously, the molecular mechanics procedure was applied successfully to lipidation of the M13 phage coat protein, when analyzing results from site-directed spinlabeling of the protein (Bashtovyy et al. 2001) . Twelve dioleoyl phosphatidylcholine molecules can be accommodated around the single transmembrane helix of this bitopic protein. This latter value agrees well with the number of motionally restricted lipids associated with the L37A mutant of phospholamban, for which mutation of the leucine zipper in the single transmembrane helix prevents oligomer formation (Cornea et al. 1997) . The wild-type M13 coat protein itself forms oligomers in dioleoyl phosphatidylcholine bilayers (Peelen et al. 1992) .
Recently, the first determination of the stoichiometries for motionally restricted lipids interacting with b-barrel transmembrane proteins has been made with spin-label ESR spectroscopy (Ramakrishnan et al. 2004) . Structures of this type of transmembrane protein already have been characterized extensively by X-ray diffraction (Schulz 2002) . Therefore, we have also determined the geometric first-shell lipid stoichiometries for this class of outer membrane protein, by using the molecular-mechanics modeling approach. Figure 1 shows the structure of bovine rhodopsin (PDB code 1L9H) (Okada et al. 2002) , together with space-filling models of dimyristoyl phosphatidylcholine (myr 2 PtdCho). The lipid chains are shortened from their all-trans length (by using a tether function in the program Sculpt; Surles et al. 1994 ) and positioned vertically around the protein to achieve good hydrophobic matching. (Chain shortening was necessary to prevent overlap of lipids from the two halves of the bilayer.) The chains are close-packed around the protein by applying external inward-directed forces to each lipid atom that are referred to as ''springs'' in the Sculpt program. The structure is energy-minimized within Sculpt by using the default force field, with the protein backbone kept fixed. The size of the inward forces applied to the lipids is chosen to give the deepest energy minimum (excluding the energy of the springs; see Materials and Methods).
Results and Discussion
The number of dimyristoyl phosphatidylcholine lipids that can be accommodated around the intramembranous perimeter of the rhodopsin structure in Figure 1 is ;27 6 2. For comparison, the number of lipids motionally restricted by bovine rhodopsin reconstituted in dimyristoyl phosphatidylcholine bilayers is 22 6 2 (Ryba et al. 1987) . The corresponding values in native membranes are 25 6 3 and 23 6 2 lipids per rhodopsin for bovine and frog rod outer segment discs, respectively Pates et al. 1985) . The prediction from Equation 1 is N b ¼ 24 for a seven-helix sandwich. Thus, all estimates agree reasonably well, in this case. The motionally restricted lipid population that is detected by spin-label ESR is approximately sufficient to constitute a complete shell of lipids surrounding the intramembranous perimeter of rhodopsin. Also, Equation 1 gives a reasonable approximation for helical sandwiches such as rhodopsin (i.e., for n a ; 7), even when the helices are tilted somewhat.
As a further illustration for a relatively small a-helical protein, the structure of the mitochondrial ADP/ATP exchange carrier surrounded by a first shell of myr 2 PtdCho lipids is shown in Figure 2 . This is a protein with six transmembrane helices that is monomeric in its crystalline form (PDB code 1OKC) (Pebay-Peyroula et al. 2003) . Twenty-eight lipids can be accommodated around the intramembranous perimeter of this protein, as deduced from the molecular mechanics procedure. For comparison, the stoichiometry of motionally restricted lipids deduced by spin-label ESR for the ADP/ATP carrier reconstituted in egg phosphatidylcholine is N b ¼ 28 6 2 per protein monomer (Horváth et al. 1990 ). Again, the stoichiometry of motionally restricted lipids corresponds to the physical intramembrane perimeter of the protein. Table 1 gives the numbers of first-shell lipids that are obtained for the various a-helical transmembrane proteins that have been subjected to ESR analysis and have structures in the Protein Data Bank (PDB), by using the methods described above. Generally, for the proteins in Table 1 , any asymmetry between the two bilayer leaflets is not much greater than the uncertainty in the total number of lipids that could be accommodated around the protein. An asymmetry of one to two lipids is estimated for cytochrome oxidase and cytochrome reductase, and For the SERCA Ca 2+ -ATPase, which consists of a single, large subunit that contains 10 transmembrane helices, the number of lipids motionally restricted is less than the number of first-shell lipids that is obtained by molecular modeling. In this case, the number of first-shell lipids lies between the stoichiometries of the Ca -ATPase may possibly be attributable to dimerization. For the multi-subunit proteins-cytochrome c reductase, nicotinic acetylcholine receptor, and cytochrome c oxidasethe stoichiometry of motionally restricted lipids found by spin-label ESR also differs considerably from the intramembranous perimeter of the protein that is determined from molecular mechanics and modeling.
Bovine cytochrome c reductase consists of 11 subunits, six of which contribute a total of 13 transmembrane helices per monomer. The asymmetric unit of bovine cytochrome c reductase in PDB file 1L0L is a monomer, although the active membrane species is thought to be a dimer (Gao et al. 2002) . In PDB file 1PP9 for bovine cytochrome c reductase at marginally higher resolution (Huang et al. 2005) , the asymmetric unit is a dimer, but the entire intramembranous perimeter of each monomer appears still to be accessible to lipid. The intramembranous perimeter of the structure in PDB file 1L0L can accommodate more lipids than are found to be motionally restricted, per monomer, by ESR spectroscopy. Possibly interactions within the functionally active dimer nonetheless limit the stoichiometry of motionally restricted lipids.
The nicotinic acetylcholine receptor is a heteropentamer composed of four homologous subunits, a 2 bgd, each constituting a transmembrane four-helix bundle (PDB code 1OED) (Miyazawa et al. 2003) . The stoichiometry of motionally restricted lipids for the receptor reconstituted in dioleoyl phosphatidylcholine is ;40 6 7 lipids per protomer (Ellena et al. 1983) . A similar value has also been estimated for the stoichiometry in native receptor-rich membranes from Torpedo electroplax (Mantripragada et al. 2003 ). This value is less than that found for the intramembranous perimeter of the a 2 bgd protomer (see Table 1 ). As is seen from Figure 4 , the transmembrane section of the protein has an extremely angular, star-shaped cross-section. Lipid packing at the intramembranous surface of the protein is considerably less regular than that at the smoother surfaces of the smaller proteins that have a helical-sandwich structure (cf. Figs. 1 and 2 ). Possibly the intramembranous surfaces at the apices of the star, which correspond to a single transmembrane helix from each subunit, are insufficient to restrict lipid-chain motion appreciably. In several instances, single transmembrane helices are not capable of motionally restricting lipids in the direct way found invariably for polytopic a-helical proteins (Pérez-Gil et al. 1995; de Planque et al. 1998 de Planque et al. , 1999 . Phospholamban is possibly an exception (Cornea et al. 1997; Arora et al. 2003) . Therefore, the motionally restricted lipids detected by spin-label ESR spectroscopy for the nicotinic acetylcholine receptor may constitute only those perimeter lipids that are located at the extended surfaces, along the arms of the star (cf . Fig. 4 ). An alternative explanation for the low stoichiometry of motionally restricted lipids with the acetylcholine receptor could be oligomerization, via S-S cross-linking (Zingsheim et al. 1982) at the helices forming the apices of the transmembrane cross-section. This would also result in only the extended surfaces along the arms of the star giving rise to motional restriction of the lipids.
Bovine cytochrome c oxidase is composed of 13 subunits of differing sizes that contribute a total of 28 transmembrane helices per monomer (PDB code 1V54) (Tsukihara et al. 2003) . It is the largest integral protein for which the lipid stoichiometry has been determined by spin-label ESR spectroscopy. The structure of the transmembrane domain of bovine cytochrome c oxidase is shown in Figure 5 . For ease of handling, chains e, f, h, r, s, and u of the extramembranous sector that does not contact lipid are omitted here from the PDB structure. The protein is dimeric in the crystal, and some lipids are occluded within the central cavity at the dimer interface (cf. Fig. 5 ). In addition, it is seen that the hydrophobic surface of the protein is considerably invaginated, in contrast to the rather smooth intramembranous surface of the helical sandwiches in Figures 1 and 2 . This introduces some imprecision in definition of the geometric first shell, because a continuous lipid shell would cover some lipids occluded within invaginations. The procedure for optimizing the energy of the lipid contacts results in some such lipid overlaps before all protrusions of the protein surface are covered completely with lipids. In the structure shown in Figure 5 , 37 energy-optimized myr 2 PtdCho lipids per monomer are located around the outer perimeter of the dimer. There are several partial overlaps with lipids in invaginations. Nevertheless, not all of the outer intramembranous surface of the protein is covered with lipids. It is estimated that an additional six diacyl lipids per monomer would be required to cover the protein surface entirely. Making this correction produces the value given for the outer perimeter of the cytochrome oxidase dimer in Table 1 , namely, N b 86 6 8 lipids per dimer. However, the chain overlaps in Figure 5 constitute approximately four to five diacyl lipids that are effectively in the second shell.
Unfortunately, the strategy used for energy optimizing the lipids at the outer perimeter cannot be applied to Figure 4 . Van der Waals surface for the transmembrane domain in the 3D structure of the nicotinic acetylcholine receptor (PDB code 1OED) (Miyazawa et al. 2003) . The structure is viewed along the membrane normal. An energy-minimized first shell of lipids at the intramembranous perimeter of the protein is shown, in space-filling representation. the internal cavity of the cytochrome oxidase dimer. By examining the positions of the endogenous lipids (particularly phosphatidylethanolamine and phosphatidylglycerol) in the crystal structure, it is estimated that an additional four to six lipids per monomer could be situated at the protein surface in this central region. Therefore, the net geometric stoichiometry for the dimer is approximately N ð1Þ b ¼ N b =2 47-49 lipids per monomer. The latter estimate corresponds to the value that is given for cytochrome oxidase in Figure 3 . However, this value is reduced to 42-45 lipids per monomer if the chain overlaps in Figure  5 are excluded. For a putative monomer derived from the dimer crystal structure, ;57 6 4 lipids can be accommodated around the entire surface, where the difference represents lipids that are excluded at the dimer interface.
For comparison with the geometric lipid stoichiometry evaluated by modeling, the number of motionally restricted spin-labeled lipids found for bovine cytochrome c oxidase reconstituted in dimyristoyl phosphatidylglycerol is N b ¼ 55 6 4 per monomer (Kleinschmidt et al. 1998) . A similar value of N b ¼ 56 6 5 lipids per monomer is also found for the homologous yeast cytochrome c oxidase reconstituted in myr 2 PtdCho (Knowles et al. 1979) . Note that in the reconstituted systems, the cardiolipin and other endogenous lipid that is found in the crystals of bovine cytochrome c oxidase is completely replaced with the reconstituting lipid by repeated exchanges against a large excess of the substituting lipid, mediated by cholate (Watts et al. 1978; Powell et al. 1985) . The number of motionally restricted lipids therefore exceeds the above geometric firstshell stoichiometry of the cytochrome oxidase dimer if lipid overlaps are eliminated. Presumably, the difference represents those extra lipids that are covering lipids already filling invaginations, and these lipids are also motionally restricted. Figure 6 shows the b-barrel structure of the Fesiderophore transporter FhuA from the outer membrane of Escherichia coli (PDB code 2FCP) (Ferguson et al. 1998) , surrounded by a bilayer shell of dimyristoyl Figure 5 . Van der Waals surface from the crystal structure of the intramembrane domain of the bovine cytochrome c oxidase dimer (PDB code 1V54) (Tsukihara et al. 2003) , with energy-minimized myr 2 PtdCho lipids at the outer intramembranous surface (space-filling representation). Protein chains e, f, h, r, s, and u, and all endogenous lipids and detergent have been removed from the PDB structure. The upper panel shows a top view, approximately along the membrane normal, and the lower panel shows a side view from within the plane of the membrane. Figure 6 . Crystal structure of E. coli outer membrane protein FhuA (PDB code 2FCP) (Ferguson et al. 1998) , in ribbon and wire-frame representation, surrounded by a single bilayer shell of energy-minimized myr 2 PtdCho lipids. For clarity, only part of the lipid shell is shown, in space-filling representation.
phosphatidylcholine lipids. The FhuA barrel is composed of 22 antiparallel next-neighbor b-strands, and the protein is monomeric. The lipids are positioned vertically relative to the two belts of aromatic residues that are situated at the opposing polar-apolar interfaces of the membrane. Using the molecular mechanics procedures already described for a-helical proteins, 34 6 2 lipids can be fitted around the intramembranous perimeter of the FhuA structure that is given in Figure 6 . For comparison, the number of lipids that are motionally restricted by FhuA reconstituted in dimyristoyl phosphatidylglycerol is N b ¼ 32 per protein monomer (Ramakrishnan et al. 2004) . This is close to the number of lipids that can be accommodated around the intramembranous perimeter of FhuA and agrees also with the perimeter length of 31 lipids that is estimated from the overall dimensions of the protein. In fact, the stoichiometry for a large b-barrel such as FhuA approximates to that for an extended, planar b-sheet. For the latter, the number of diacyl bilayer lipids that can be accommodated at one intramembranous surface is determined by the number of b-strands, n b , and the geometrical parameters of the b-sheet (Marsh 1997) :
where u b is the strand tilt within the sheet, D b ¼ 0.47 nm (Fraser and MacRae 1973) is the interstrand separation, and d ch ¼ 0.48 nm (Marsh 1990 ) is the width of a lipid chain. For FhuA (n b ¼ 22), the strand tilt is u b ¼ 38.3° , which gives a stoichiometry of N b ¼ 27 lipids, which is not much smaller than the perimeter length of the b-barrel.
Applying a procedure such as that illustrated in Figure  6 to the much smaller eight-stranded b-barrel of the outer membrane protein OmpA from E. coli yields a geometrical first shell of 20 6 2 lipids per protein monomer. A considerably smaller value of N b ¼ 11 is obtained by ESR spectroscopy for the number of spin-labeled lipids that are motionally restricted by the OmpA monomer (Ramakrishnan et al. 2004) . Estimating the perimeter length from the overall dimensions of the OmpA barrel yields a value of 19 lipids per monomer, similar to that established directly here by molecular modeling. Thus, the number of lipids that directly are restricted in their motion corresponds to the geometrical perimeter for a large b-barrel, FhuA, but is significantly smaller than the geometrical stoichiometry for a small b-barrel, OmpA. Presumably this is a result of the highly curved surface of the smaller barrel, which therefore cannot interact optimally with all lipids that are in direct contact.
Conclusion
In conclusion, it should be emphasized that the strategy adopted in the molecular modeling is directed solely at determining the lipid stoichiometry. The aim is to ensure complete filling of volume at the lipid-protein interface, for good hydrophobic matching, irrespective of chain configuration. In reality, there may be a mixing of chains between first and second shells, but this does not alter the net stoichiometry of chain segments directly contacting the protein.
For relatively small a-helical proteins (with up to seven to 12 transmembrane helices), the number of motionally restricted lipids corresponds rather well with the geometric first shell. These proteins approximate in their transmembrane structure to a-helical sandwiches. For larger, multi-subunit a-helical proteins, the intramembranous surface is less regular than in the a-helical sandwiches, and the number of motionally restricted lipids either may exceed (cytochrome oxidase), or be less than (acetylcholine receptor), the geometrical perimeter shell defined by lipid close packing. From the limited data available, it seems that the situation is the reverse for b-barrel integral proteins. Large b-barrels approximate to extended planar b-sheets and fully restrict the contacting lipids, whereas small b-barrels are not able completely to restrict all lipids that are in immediate contact with the highly curved intramembranous surface of the protein.
Materials and methods

Protein structures
Coordinates of all protein structures were obtained from the Research Collaboratory for Structural Bioinformatics protein database (PDB) (Berman et al. 2000) . Generally, where alternative structures are available, that determined at highest resolution was used.
Spin-label ESR data
The stoichiometry, N b , of motionally restricted lipids interacting with the transmembrane domain of integral proteins was determined by ESR difference spectroscopy (Marsh 1982) with lipids spin-labeled on the 14-C atom of the sn-2 chain at probe concentrations. All membranes were either in the fluid phase or in the liquid-ordered phase. For proteins in reconstituted membranes, the values of N b were determined by lipid-protein titration according to the following relation for equilibrium exchange association (Marsh 1985) :
where f is the fraction of motionally restricted spin-labeled lipids, n t is the total lipid/protein ratio, and K r is the association constant of the spin-labeled lipid relative to the host lipid used for reconstitution. Both N b and K r are determined by varying n t , in the range n t > N b . It is found that K r 1 for spin-labeled phosphatidylcholine relative to unlabeled phosphatidylcholine (Knowles et al. 1979; Ellena et al. 1983; Brophy et al. 1984; Ryba et al. 1987; Horváth et al. 1990) , and for spin-labeled phosphatidylglycerol relative to unlabeled phosphatidylglycerol (Sankaram et al. 1991; Kleinschmidt et al. 1998) . For proteins in natural membranes, the stoichiometries were determined with spin-labeled phosphatidylcholine, assuming that K r ¼ 1, because phosphatidylcholine is the majority lipid in the native membranes. Experimental values of N b for a-helical transmembrane proteins are taken from Marsh and Horváth (1998) , where references to the original work can be found.
Molecular modeling
Swiss-Pdbviewer (Guex and Peitsch 1997) was used for preparing and viewing protein structures. The position and orientation of the transmembrane domain were determined from the region of the protein that is poor in tryptophan, tyrosine, and charged residues. These identifications essentially agree with those given in the PDB_TM (Tusnády et al. 2004 ) and OPM (Lomize et al. 2006) databases. The starting configuration for the myr 2 PtdCho lipid was molecule B from Pearson and Pascher (1979) . A continuous bilayer ring of lipids was constructed around the protein. The interactive molecular mechanics package Sculpt 2.1 (Interactive Simulations Inc.) with default force field was used for building and optimizing lipid shells. Adjustment of the phospholipid chain configuration and constrained molecular mechanics optimization of the protein-lipid assemblies in vacuo were performed within Sculpt. Inward-directed forces were applied to all atoms of each lipid in order to pack the lipids on the protein surface. These forces were provided by the spring feature in Sculpt. One end of each spring was anchored in the protein, and the strength of the inward force was proportional to the length of the spring. The energy of the protein-lipid system (excluding the spring energy) was monitored as the springs pulled the lipids onto the protein surface. An energy minimum was thus achieved that would correspond approximately to equilibrium protein-lipid packing in the absence of the springs. Lipids were added to, or removed from, the final assembly, as required for close packing at the protein surface, with subsequent reoptimization. The PyMOL molecular graphics system (DeLano 2002) was used for presentation of structures. All modeling work was performed on a Silicon Graphics Origin 2000 server and O2 workstations.
